Nitric oxides (NO) act as one of the major signal molecules and modulate various cell functions including oocyte meiosis in mammals. The present study was designed to investigate the mechanism of NO action during spontaneous meiotic exit from diplotene arrest (EDA) in rat cumulus oocytes complexes (COCs) cultured in vitro. Diplotene-arrested COCs collected from ovary of immature female rats after 20 IU pregnant mare's serum gonadotropins (PMSG) for 48 h were exposed to various concentrations of NO donor, S-nitroso-N-acetyl penicillamine (SNAP) and inducible nitric oxide synthase (iNOS) inhibitor, aminoguanidine (AG) for 3 h in vitro and downstream factors were analyzed. Our results suggest that SNAP inhibited, while AG induced EDA in a concentration-dependent manner. The iNOS-mediated total NO, cyclic nucleotides and cell division cycle 25B (Cdc25B) levels were reduced significantly. The decreased Cdc25B was associated with the increased Thr14/ Tyr15 phosphorylated cyclin-dependent kinase 1 (Cdk1) level and decreased Thr161 phosphorylated Cdk1 as well as cyclin B1 levels leading to maturation promoting factor (MPF) destabilization. The destabilized MPF finally induced spontaneous EDA. Taken together, these results suggest that reduction of iNOS-mediated NO level destabilizes MPF during spontaneous EDA in rat COCs cultured in vitro.
Introduction
Meiotic cell cycle in mammalian oocytes is a protracted process that involves several stop/go channels (Chen et al. 2010; Chaube et al. 2016) . It starts during fetal life and gets arrested at diplotene stage of prophase-I at the time of birth (Albertini 2011; Wang et al. 2016) . The diplotene arrest in these follicular oocytes may last for several months or years in follicular microenvironment depending on the mammalian species (Sirard et al. 2007; Pandey et al. 2010) . The meiotic cell cycle arrest for such a long period might be due to several factors released from encircling granulosa cells or by oocyte itself (Chen et al. 2010; Tripathi et al. 2010) . Pituitary gonadotropins surge disrupt gap junction and cumulus-oocyte communication, which interrupt supply of several signal molecules to the oocyte leading to meiotic resumption from diplotene arrest in follicular oocytes (Gilchrist 2011; . Further, physical removal of encircling granulosa cells disrupt transfer of signal molecules to oocyte resulting in spontaneous meiotic exit from diplotene arrest (EDA) under in vitro culture conditions (Albertini 2011; Prasad et al. 2015; Gupta et al. 2017; Tiwari et al. 2017a,c) .
Follicular oocytes are capable of generating nitric oxide (NO) sufficient to modulate oocyte physiology (Kuo et al. 2000; Basini & Grasselli 2015; Thompson et al. 2015) . The increased inducible nitric oxide synthase (iNOS) expression have been observed in mouse (Mitchell et al. 2004 ) and rat diplotene-arrested oocytes (Jablonka-Shariff & Olson 1997; during final stages of folliculogenesis. These studies suggest that oocytes are capable of generating NO through NOS-mediated pathway sufficient enough to maintain diplotene arrest inside the follicular microenvironment (Jablonka-Shariff & Olson 1998; Tripathi et al. 2009; .
Role of NO during spontaneous EDA in oocytes remain controversial. Few studies suggest that the increase of NO level induces spontaneous EDA in mouse (Jablonka-Shariff & Olson 1998; Huo et al. 2005) , rat (Jablonka-Shariff et al. 1999) , porcine (Tao et al. 2004 (Tao et al. , 2005 Chmelikova et al. 2009 ) and murine oocytes (Jablonka-Shariff & Olson 2000) . However, others suggest that the reduced level of NO results in EDA in mouse (Bu et al. 2003) , rat (Tripathi et al. 2009; and cattle oocytes (Saugandhika et al. 2010; Schwarz et al. 2014) .
The biphasic role of NO has also been documented in oocytes (Bu et al. 2003) . The lower concentration (0.01 mmol/L) of NO donor such as sodium nitroprusside (SNP) induces meiotic resumption, while higher concentrations (0.5-4 mmol/L) inhibit spontaneous EDA in bovine oocytes cultured in vitro (Bu et al. 2003; BilodeauGoeseels 2007; Viana et al. 2007 ). The NO donor has been used to prevent spontaneous EDA in mouse (Amidi et al. 2007) , rat (Nakamura et al. 2002; cattle (Saugandhika et al. 2010) , canine (Ji-Hoon et al. 2011), bovine (Bilodeau-Goeseels 2007), porcine (Chmelikova et al. 2009 ), sheep (Amale et al. 2011 ) and goat oocytes (Amale et al. 2013 ) cultured in vitro.
Studies suggest that iNOS inhibitor such as aminoguanidine (AG) results in spontaneous EDA in rat (Nakamura et al. 2002; , mouse (Huo et al. 2005) , bovine (Matta et al. 2009 ) and porcine (Romero-Aguirregomezcorta et al. 2014) cumulus-enclosed oocytes cultured in vitro. Hence, we propose that a reduced level of NO through iNOSmediated pathway could mediate an important role during spontaneous EDA in rat oocytes. In addition, the mechanism by which reduction of NO mediates spontaneous EDA remains poorly understood. Therefore, the present study was aimed to find out in vitro effects of S-nitroso-N-acetyl penicillamine (SNAP) and AG on morphological changes, iNOS expression, total NO, adenosine 3 0 ,5 0 -cyclic monophosphate (cAMP), guanosine 3 0 ,5 0 -cyclic monophosphate (cGMP), cell division cycle 25B (Cdc25B), total as well as specific phosphorylation status of cyclin-dependent kinase 1 (Cdk1) and cyclin B1 levels during EDA in rat cumulus oocyte complexes (COCs) cultured for 3 h in vitro.
Material and methods

Chemicals and culture medium
Chemicals were purchased from Sigma Chemical Co. St. Louis, MO, USA, unless stated otherwise. Culture medium (Medium-199, AL094A; HiMedia Laboratories, Mumbai, India) was prepared following company manual protocol. The sodium bicarbonate (0.035% w/v) was added to the culture medium-199 (M-199) . The pH of M-199 was adjusted (7.2 AE 0.05) and osmolarity was found to be 290 AE 5 mOsmol. The medium was then supplemented with L-glutamine, penicillin and streptomycin (GPS; 1 lL/mL: cat. no. A007; HiMedia) to prevent microbial growth and then stored at 4°C until use (discarded if not used within 15 days). Plain M-199 was used for washing purpose in the present study, while 5% fetal bovine serum (FBS) was added to M-199 during all in vitro studies.
Experimental animal and stimulation of ovary
Sexually immature female rats, Rattus norvegicus (22-24 days old; 45 AE 5 g body weight) of Charles-Foster strain were housed in light-controlled room and provided food and water ad libitum. Rats were subjected to a single subcutaneous injection of 20 IU pregnant mare's serum gonadotropin (PMSG) for 48 h to induce follicular growth and development. Thereafter, rats were euthanized and ovary was collected in 35 mm Petri dishes containing 2 mL of pre-warmed M-199. All procedures conformed to the terms of the Institutional Animal Ethical Committee (wide letter no. F.Sc./ IAEC/2014-15/0248) of the university.
Collection of COCs and denuded oocytes
Ovary was punctured using a 26-gauge needle attached to 1 mL of tuberculin syringe under stereomicroscope (Nikon type 104, Japan) for the collection of diplotene-arrested COCs. A group (approximately 12-14) of COCs were collected using microtubing attached with disposable glass micropipette (Clay Adams, NJ, USA) in pre-warmed M-199 containing 0.1 mmol/L of 3-isobutyl-1-methylxanthine (IBMX, a phosphodiesterase inhibitor) to inhibit spontaneous EDA. The 0.1 mmol/L IBMX has been used to inhibit spontaneous EDA in rat oocytes during collection and handling of COCs in vitro (Takami et al. 1999; . The COCs were washed quickly with plain M-199 to remove IBMX and then separately exposed to various concentrations (0, 0.25, 0.50, 1 mmol/L) of SNAP or AG for 3 h in CO 2 incubator (37°C temperature, 5% CO 2 and 100% humidity, Galaxy 170R; New Brunswick, Eppendorf AG, Hamburg, Germany, UK). These concentrations of SNAP and AG have been reported to modulate oocyte physiology (meiotic resumption or arrest) in mouse and cattle oocytes cultured in vitro (Bu et al. 2003; Amidi et al. 2007; Matta et al. 2009) . After 3 h culture, some ª 2017 Japanese Society of Developmental Biologists of the COCs were transferred to M-199 containing 0.01% hyaluronidase at 37°C and denuded by repeated manual pipetting. The denuded oocytes were washed three times with plain M-199 and then analyzed for morphological changes using a phase-contrast microscope (Nikon, Eclipse; E600, Tokyo, Japan) at 4009 magnification. Three independent experiments were conducted using 70 experimental animals to get COCs and denuded oocytes sufficient for morphological, biochemical and immunofluorescence analysis.
Determination of meiotic status of oocyte
The COCs were partially denuded by repeated manual pipetting and washed with M-199. The meiotic status of oocytes was confirmed by bisbenzimide (Hoechst-33342) using fluorescence microscope (Model, Ni-U, Nikon Eclipse Tokyo, Japan). For this purpose, 12-14 denuded oocytes collected from each group were washed twice with phosphate-buffered saline (PBS) and then incubated with PBS containing Hoechst-33342 (10 lg/mL) for 10 min at room temperature. Thereafter, oocytes were washed 6-8 times with PBS and then checked for their meiotic status under fluorescence microscope at 350 nm (4009 magnification). Three independent experiments were conducted to confirm the meiotic stage and representative photographs are shown in the results section.
Quantitative estimation of total NO concentration
The total NO level was measured by analyzing more stable NO metabolites, nitrite (NO 2 ), and nitrate (NO 3 ). Nitrite is a water soluble metabolite of NO. Thus, nitrate is converted into nitrite using nitrate reductase and total nitrite is measured as a function of total intracellular NO level using Griess method. The total NO level was estimated by means of NO assay kit (Cat. No. KGE001) purchased from R&D Systems (MN) following previous published protocol . Briefly, COCs from each group (approximately 36-42) were denuded by manual pipetting and lysed in hypotonic lysis buffer (5 mmol/L Tris, 20 mmol/L ethyl diamine tetraacetic acid (EDTA), 0.5% Triton X-100, pH 8). The lysates were centrifuged at 10 000 g at 4°C for 30 min and clear supernatant was used for NO analysis. All samples, working standards and reagents were brought to room temperature and prepared by following company manual protocol. The reaction diluent (50 lL) was added to blank wells and nitrate standards (50 lL) or samples to remaining wells. The nicotinamide adenine dinucleotide (NADH; 25 lL) and then diluted nitrate reductase (25 lL) were added to each well. The microplate was incubated at 37°C for 30 min and then Griess reagent I and II (50 lL each) were added. After gentle mixing, the plate was then incubated for 10 min at room temperature. Thereafter, optical density (OD) was determined using a microplate reader (Model: Micro Scan MS5608A, ECIL, Hyderabad, India) set at 540 nm with wavelength correction at 690 nm. Three independent samples were run in one assay to avoid inter-assay and intra-assay variation was found to be 1.67%.
Quantitative estimation of cyclic nucleotides
Both cyclic nucleotides such as cAMP as well as cGMP concentrations were analyzed using ELISA kits purchased from R&D Systems (cAMP: Cat. No. KGE002; cGMP: Cat. No. KGE003, MN, USA) as per our previous published protocol (Prasad et al. 2015) . In brief, approximately 36-42 COCs from each group were collected and denuded by manual pipetting. The encircling granulosa cells and denuded oocytes were lysed separately in hypotonic lysis buffer (5 mmol/L Tris, 20 mmol/L EDTA, 0.5% TritonX-100, pH 8) and centrifuged at 10 000 g at 4°C for 30 min. The clear supernatant was used for the analysis of both cyclic nucleotides. Reagents, samples and standards were prepared as per the company manual protocol. The OD was taken using microplate reader set at 450 nm within 10 min. Samples from three independent experiments were run in one assay to avoid inter-assay variation and intra-assay variations were found to be 1.97% and 1.85%, respectively. The cAMP as well as cGMP levels are represented as pmol/mg protein in the results section.
Analyses of iNOS, Cdc25B, specific as well as total phosphorylation status of Cdk1 and cyclin B1 levels
The iNOS, Cdc25B, Thr14/Tyr15, Thr161 as well as total phosphorylated Cdk1 and cyclin B1 levels were analyzed using their specific antibodies purchased from Santa Cruz Biotechnology, Inc. CA, USA, following our published protocol (Tiwari et al. 2017b ) with some minor modifications. In brief, A group of 12-14 COCs as well as denuded oocytes were fixed in 4% buffered formaldehyde on the slide were exposed to 100 lL of their respective primary antibodies (NOS2 (N-20, sc-651), rabbit polyclonal antibody raised against a peptide mapping near the N-terminus of NOS2; Cdc25B (H-85, sc-5619), rabbit polyclonal antibody raised against amino acids 93-177 mapping near the N-terminus of Cdc25B; p-Cdc2 p34 (Thr14/Tyr15, sc-12340), rabbit polyclonal antibody raised against a short amino acid sequence containing Thr14 and Tyr15 phosphorylated cdc2 p34; p-Cdc2 p34 (Thr161, ª 2017 Japanese Society of Developmental Biologists sc-12341), rabbit polyclonal antibody raised against a short amino acid sequence containing pThr161 of Cdc2 p-34; cdc2 p34 (PSTAIRE, sc-53), rabbit polyclonal antibody raised against a peptide epitope mapping within the conserved PSTAIRE domain of cdc2 p34; cyclin B1 (H-433, sc-752), rabbit polyclonal antibody raised against amino acids 1-433 representing full length of cyclin B1; Actin (C-2, sc-8432), mouse monoclonal antibody specific for an epitope mapping between amino acids 350-375 at the C-terminus of actin; 1:500 dilutions in blocking buffer) at 37°C for 1 h in CO 2 incubator. After 8-10 washes with PBS, slides were exposed to 100 lL of specific anti-rabbit fluorescein isothiocyanate (FITC)-labeled secondary antibody (sc-3839) for detection of iNOS, Cdc25B, Thr14/Tyr15, Thr161 as well as total phosphorylated Cdk1 and cyclin B1 levels and anti-mouse FITClabeled secondary antibody (sc-2010) for detection of b-actin at 37°C in humidified chamber (1:1000 dilutions in blocking buffer). After 1 h of incubation, slides were washed 10 times with pre-warmed PBS, mounted with fluorescence mounting medium by VEC-TASHIELD (Vector laboratories, USA) and then observed under fluorescence microscope at 465 nm. Immunofluorescence intensity of b-actin was analyzed in parallel as a control. The experiment was repeated three times to confirm our results. A total of 18-20 denuded oocytes of corresponding COCs were used for corrected total cell fluorescence (CTCF) analysis. All parameters for each oocyte of COCs were kept constant and the whole area was selected for the analysis of immunofluorescence intensity using ImageJ software (version 1.44; National Institute of Health, Bethesda, USA).
Statistical analyses
Data are expressed as mean AE standard error of mean (SEM) of three independent experiments. All percentage data were subjected to arcsine square-root transformation before statistical analysis and then analyzed either by Student's t-test or one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc analysis using SPSS software, version 17.0 (SPSS, Inc. Chicago, IL, USA). A probability of P < 0.05 was considered to be statistically significant.
Results
AG induced EDA in COCs cultured in vitro
As shown in Figure 1 , COCs collected from PMSG (20 IU for 48 h)-treated rats show diplotene arrest as evidenced by the presence of germinal vesicle (GV) and nucleolus in the denuded oocyte (Fig. 1B1 , blue arrow) of corresponding COCs ( Fig. 1A1 ; blue arrow). These oocytes are tightly encircled with several layers of granulosa cells (green arrow; Fig. 1A1-A4 ). SNAP treatment maintained diplotene arrest if COCs were cultured for 3 h in vitro (Fig. 1A3, 1B3 ; blue arrow). However, spontaneous EDA and progression to metaphase-I (M-I) stage were observed in control (Fig. 1B2) as well as in AG-treated denuded oocytes (Fig. 1B4 ) of their corresponding COCs (Fig. 1A2, A4 ) as evidenced by germinal vesicle breakdown (GVBD) and absence of nucleolus (red arrow) after 3 h of in vitro culture (Fig. S1) . The meiotic stages such as diplotene arrest (Fig. 1C1) , spontaneous EDA (Fig. 1C2) , SNAP-treated diplotene arrest (Fig. 1C3) , AGinduced EDA (Fig. 1C4) were confirmed using Hoechst-33342 staining in the present study. SNAP inhibited spontaneous EDA in concentration-dependent manner (One-way ANOVA, F = 148.23, P < 0.001; Fig. 1D ). Only few oocytes (4.30% AE 1.45%) show spontaneous EDA if the COCs were exposed to 1 mmol/L of SNAP as compared to control COCs that underwent spontaneous EDA (25.68% AE 1.74%; Fig. 1D ). AG induced resumption of meiosis from diplotene arrest in concentrationdependent manner (One-way ANOVA, F = 205.02, P < 0.001; Fig. 1E ). Maximum resumption of meiosis from diplotene arrest (88.36% AE 1.71%) was noticed if the COCs were exposed to 1 mmol/L of AG as compared to control COCs where only few oocytes (25.68% AE 1.74%) showed spontaneous EDA after 3 h of in vitro culture (Fig. 1E) .
AG reduced iNOS expression and NO level in COCs cultured in vitro
As shown in Figure 2 , a significant (P < 0.05) reduction of iNOS expression was observed in COCs that underwent spontaneous EDA (Fig. 2A2 ) as compared to diplotene-arrested COCs (Fig. 2A1) . SNAP (1 mmol/ L) prevented the decrease of iNOS expression (Fig. 2A3) and iNOS expression was similar to the diplotene-arrested COCs (Fig. 2A1) . On the other hand, AG (1 mmol/L) treatment reduced iNOS expression (Fig. 2A4) and immunofluorescence intensity was similar to control COCs that underwent spontaneous EDA (Fig. 2A2) . The CTCF analysis of iNOS immunofluorescence intensity of denuded oocytes (in box) of corresponding COCs (Fig. 2A1-A4 ) further confirms above observations (Fig. 2B) . The total NO level was significantly (P < 0.05) decreased in control (47.13 AE 2.86 lmol/L/mg protein) as well as AG-treated denuded oocytes (45.52 AE 3.42 lmol/L/mg protein) that underwent EDA after 3 h in vitro culture as compared to diplotene-arrested denuded oocytes (79.76 AE 3.06 lmol/L/mg protein). However, SNAP ª 2017 Japanese Society of Developmental Biologists prevented decrease in NO level (74.56 AE 3.24 lmol/L/ mg protein) and maintained diplotene arrest in denuded oocytes cultured in vitro (Fig. 2C ).
AG decreased cyclic nucleotides level
As shown in Figure 3A , a significant decrease (P < 0.05) of cAMP as well as cGMP levels were observed in control as well as AG-treated denuded oocytes that underwent EDA after 3 h in vitro culture as compared to diplotene-arrested denuded oocytes (Fig. 3A) . However, SNAP prevented the decrease of cyclic nucleotides and maintained diplotene arrest. On the other hand, both cyclic nucleotides level remained high in corresponding encircling granulosa cells of all the groups (Fig. 3B ).
AG reduced Cdc25B expression
As shown in Figure 4 , a significant reduction (P < 0.05) of Cdc25B expression was noticed in COCs during spontaneous EDA (Fig. 4A2 ) as compared to diplotene-arrested COCs (Fig. 4A1) . SNAP treatment did not change Cdc25B expression (Fig. 4A3) . On the other hand, AG treatment reduced Cdc25B expression in COCs (Fig. 4A4) and immunofluorescence intensity Fig. 1 . Representative photograph showing effects of S-nitroso-N-acetyl penicillamine (SNAP) and aminoguanidine (AG) in cumulus oocytes complexes (COCs) cultured in vitro. COCs collected from pregnant mare's serum gonadotropins (PMSG)-treated rats show diplotene arrest as evidenced by the presence of germinal vesicle (GV) and nucleolus in the denuded oocyte (blue arrow, B1) of corresponding COCs (blue arrow, A1). These oocytes are tightly encircled with several layers of granulosa cells (green arrow, A1-4). SNAP treatment for 3 h maintained diplotene arrest in COCs cultured in vitro (blue arrow, A3, B3). Exit from diplotene arrest (EDA) was observed in control (B2) as well as in AG-treated denuded oocytes (B4) of their corresponding COCs (A2, A4) as evidenced by GVBD and absence of nucleolus (red arrow). The diploid set of chromosomes confirms the diplotene arrest (pink arrow, C1, C3), while formation of metaphase plate (yellow arrows) indicate spontaneous EDA (C2) and AG-induced EDA (C4). SNAP prevented spontaneous EDA (D), while AG induced EDA in concentration-dependent manner (E). Data are mean AE SEM of three independent experiments and analyzed by one-way ANOVA followed by Bonferroni post-hoc analysis; *, ª 2017 Japanese Society of Developmental Biologists was similar to control COCs that underwent spontaneous EDA (Fig. 4A2) . The CTCF analysis of denuded oocytes (in box) of corresponding COCs (Fig. 4A1-A4 ) further confirms the above observations (Fig. 4B) .
AG increased Thr14/Tyr15 phosphorylated Cdk1 level Figure 5 shows the effects of SNAP and AG on the immunofluorescence intensity of Thr14/Tyr15 phosphorylated Cdk1 level in COCs cultured in vitro. A significant increase (P < 0.05) of Thr14/Tyr15 phosphorylated Cdk1 level was noticed in COCs that underwent spontaneous EDA (Fig. 5A2 ) as compared to diplotene-arrested COCs (Fig. 5A1) . SNAP treatment inhibited the increase of Thr14/Tyr15 phosphorylated Cdk1 level (Fig. 5A3) . On the other hand, AG increased Thr14/Tyr15 phosphorylated Cdk1 level in COCs (Fig. 5A4) and immunofluorescence intensity was similar to control COCs that underwent spontaneous EDA (Fig. 5A2) . The CTCF analysis of denuded oocytes (in box) of corresponding COCs (Fig. 5A1-A4 ) further confirms above observations (Fig. 5B) . Figure 6 shows effects of SNAP and AG on the immunofluorescence intensity of Thr161 phosphorylated Cdk1 in COCs cultured in vitro. A significant reduction (P < 0.05) of Thr161 phosphorylated Cdk1 level was noticed in COCs that underwent spontaneous EDA (Fig. 6A2 ) as compared to diplotenearrested COCs (Fig. 6A1) . SNAP prevented the decrease of Thr161 (Fig. 6A3) . On the other hand, AG treatment reduced Thr161 phosphorylated Cdk1 level in COCs (Fig. 6A4) and immunofluorescence intensity was similar to control COCs that underwent spontaneous EDA (Fig. 6A2) . The CTCF analysis of Thr161 phosphorylated Cdk1 immunofluorescence intensity of denuded oocytes (in box) of corresponding COCs (Fig. 6A1-A4 ) further confirms above observations (Fig. 6B) .
AG decreased Thr161 phosphorylated Cdk1 level
AG treatment did not alter total Cdk1 level
As shown in Figure 7 , both SNAP and AG treatment for 3 h in vitro did not change total Cdk1 level in the present study ( Fig. 7A3 and A4 ) and the fluorescence intensity was similar to both control COCs that underwent spontaneous EDA (Fig. 7A2) as well as diplotene-arrested COCs (Fig. 7A1) . This is further supported by the immunofluorescence intensity of denuded oocytes (in box) of corresponding COCs (Fig. 7A1-A4 ). The CTCF analysis further confirms above observations (Fig. 7B ). Figure 8 shows a significant decrease (P < 0.05) of cyclin B1 level was observed in COCs (Fig. 8A2 ) that underwent spontaneous EDA as compared to diplotene-arrested COCs (Fig. 8A1) . SNAP prevented the decrease of cyclin B1 (Fig. 8A3) . On the other hand, Fig. 2 . Representative photograph showing effects of SNAP and AG on inducible nitric oxide synthase (iNOS) expression in COCs and total NO level in denuded oocytes. A significant reduction of iNOS expression was observed in COCs that underwent spontaneous EDA (A2) as compared to diplotene-arrested COCs (A1). SNAP prevented the decrease of iNOS expression (A3). AG (1 mmol/L) treatment reduced iNOS expression (A4) and immunofluorescence intensity was similar to control COCs that underwent spontaneous EDA (A2). The CTCF analysis of iNOS immunofluorescence intensity of denuded oocytes (in box) of corresponding COCs (A1-4) further confirms above observations (B). The total NO level was significantly decreased in control as well as AG-treated denuded oocytes that underwent EDA after 3 h in vitro culture as compared to diplotene-arrested denuded oocytes. SNAP increased NO level and maintained diplotene arrest in denuded oocytes cultured in vitro (C). Data are mean AE SEM of three independent experiments and analyzed by Student's ttest, # P < 0.05.
AG decreased cyclin B1 level
ª 2017 Japanese Society of Developmental Biologists AG (1 mmol/L) reduced cyclin B1 level in COCs (Fig. 8A4 ) and immunofluorescence intensity was similar to control COCs that underwent spontaneous EDA (Fig. 8A2) . The CTCF analysis of cyclin B1 immunofluorescence intensity of denuded oocytes (in box) of corresponding COCs (Fig. 8A1-A4 ) further confirms above observations (Fig. 8B ).
SNAP and AG did not alter b-actin level
For all the immunofluorescence studies, b-actin was analyzed as a control in parallel. As shown in Figure 9 , both SNAP and AG treatment did not alter b-actin expression neither in COCs (Fig. 9A1-A4 ) nor in corresponding denuded oocytes (in box). The CTCF analysis of corresponding denuded oocytes further confirms our observations (Fig. 9B) .
Discussion
Nitric oxide acts as one of the major signal molecules to modulate cell cycle but its role during spontaneous EDA in follicular oocytes remains controversial. Few studies suggest that the increase of NO level induces spontaneous EDA in mouse, rat, porcine and murine oocytes (Jablonka-Shariff & Olson 1998 Jablonka-Shariff et al. 1999; Tao et al. 2004 Tao et al. , 2005 Huo et al. 2005; Chmelikova et al. 2009 ), while other reports suggest that the reduced level of NO associates with EDA in mouse, rat and cattle oocytes (Bu et al. 2003; Tripathi et al. 2009; Saugandhika et al. 2010; Schwarz et al. 2014; . Data of the present study revealed that NO donor SNAP inhibited spontaneous EDA, while iNOS inhibitor AG induced EDA in a concentration-dependent manner. The immunofluorescence of iNOS expression and quantitative analysis of total NO level in denuded oocytes of both SNAP and AG-treated groups further revealed that a high level of intraoocyte NO is required for the maintenance of diplotene arrest, while a significant decrease of NO level induced EDA in rat COCs cultured in vitro. These results strengthen previous findings that the decrease of NO level mediates spontaneous EDA (Bu et al. 2003; Saugandhika et al. 2010; Schwarz et al. 2014) . The removal of diplotenearrested oocytes from preovulatory follicle probably deprive the supply of NO from follicular cells to the Fig. 3 . Effects of SNAP and AG on cyclic nucleotides level in denuded oocytes and their corresponding granulosa cells. A significant decrease of cAMP as well as cGMP levels was observed during spontaneous EDA as well as AG-induced EDA as compared to diplotene-arrested denuded oocytes. SNAP prevented the decrease of cyclic nucleotides and maintained diplotene arrest (A) ( , cAMP; , cGMP). Both cyclic nucleotides level remained high in their corresponding encircling granulosa cells of all the groups (B) ( , cAMP; , cGMP). Data are mean AE SEM of three independent experiments and analyzed by Student's t-test, # P < 0.05. ª 2017 Japanese Society of Developmental Biologists oocyte resulting into decrease of intraoocyte NO level that could be associated with spontaneous EDA under in vitro culture conditions (Tripathi et al. 2009; . This reduced NO level in follicular fluid during ovarian stimulation provides some beneficial effect to oocyte quality in human (Vignini et al. 2008) . These studies together with our findings suggest that downregulation of iNOS-NO-mediated pathway trigger EDA in COCs cultured in vitro.
The downstream pathway(s) by which reduced NO level triggers EDA remains to be elucidated. Few studies indicate that iNOS-derived NO directly or indirectly increases cyclic nucleotides level and maintain meiotic arrest at diplotene stage (Saugandhika et al. 2010; Schwarz et al. 2014) . Data of our present study suggest that AG significantly reduced cAMP as well as cGMP levels in the oocytes that resulted in spontaneous EDA. However, SNAP prevented the decrease of cyclic nucleotides level and maintained diplotene arrest in COCs cultured in vitro. Similarly, a decrease of NO level and thereby reduced cGMP level may facilitate meiotic resumption (Nakamura et al. 2002; Huo et al. 2005; Bilodeau-Goeseels 2007) . The reduced cGMP level activates cAMP-phosphodiesterase 3A (PDE 3A) and reduces intraoocyte cAMP level (Jaffe & Norris 2010; Egbert et al. 2016; Gupta et al. 2017) .
A reduction of intraoocyte cAMP inactivates protein kinase A (PKA) since high cAMP level and PKA activation play a critical role in the maintenance of meiotic arrest (Han & Conti 2006; Zhang et al. 2009; Wang Fig. 5 . Representative photograph showing the effects of SNAP and AG on Thr14/Tyr15 phosphorylated Cdk1 level in COCs. A significant increase of Thr14/Tyr15 phosphorylated Cdk1 level was observed in COCs that underwent spontaneous EDA (A2) as compared to diplotene-arrested COCs (A1). SNAP treatment inhibited the increase of Thr14/Tyr15 phosphorylated Cdk1 level (A3). 1 mmol/L of AG increased Thr14/Tyr15 phosphorylated Cdk1 level in COCs (A4) and immunofluorescence intensity was similar to control COCs that underwent spontaneous EDA (A2). The CTCF analysis of denuded oocytes (in box) of corresponding COCs (A1-4) further confirms above observations (B). Data are mean AE SEM of three independent experiments and analyzed by Student's t-test, *P < 0.05. Bar = 80 lm. (Pirino et al. 2009; Solc et al. 2010) . The reduced Cdc25B trigger resumption of meiosis from diplotene arrest (Lincoln et al. 2002; Han & Conti 2006) . This possibility is further strengthened by our findings that SNAP did not alter Cdc25B level and maintained diplotene arrest, while AG reduced Cdc25B expression level and induced EDA in COCs cultured in vitro. The reduced Cdc25B level has been reported to induce EDA in mouse oocytes (Lincoln et al. 2002; Han & Conti 2006 ).
The reduced Cdc25B expression level induces an accumulation of Thr14/Tyr15 phosphorylated Cdk1 level (Han & Conti 2006; Kubiak et al. 2008) and decreases Thr161 phosphorylated Cdk1 as well as cyclin B1 levels during EDA . Maturation promoting factor (MPF) destabilization does not solely depend on cyclin B1 degradation (Kubiak et al. 2008) , phosphorylation at Thr14/Tyr15 and dephosphorylation at Thr161 residues of Cdk1 destabilizes MPF (Maller et al. 1989; Kubiak et al. 2008) . On the other hand, dephosphorylation at Thr14/ Tyr15 and phosphorylation at Thr161 residues stabilizes MPF (Solc et al. 2010; Timofeev et al. 2010; Vigneron et al. 2016) . Data of our present study suggest that SNAP maintained high levels of Thr161 phosphorylated Cdk1 as well as cyclin B1 and low levels of Thr14/Tyr15 phosphorylated Cdk1 to maintain diplotene arrest. On the other hand, AG increased Thr14/Tyr15 phosphorylated Cdk1 expression level and decreased Thr161 phosphorylated Cdk1 and cyclin B1 levels resulting in EDA under in vitro culture conditions. The total Cdk1 level did not change during the entire course of in vitro studies. These results suggest that the reduced Cdc25B level might have modulated specific phosphorylation status of Cdk1 and reduced cyclin B1 level during EDA in the present study. Similarly, changes in specific phosphorylation status of Cdk1, its activity and reduction in cyclin B1 level have been reported during EDA in rat Prasad et al. 2015; ) and mouse oocytes (Solc et al. 2010; Adhikari et al. 2016) . Further, changes in the specific phosphorylation status of MPF and its cross talk with mitogen-activated protein kinase (MAPK) have been reported during meiotic exit from metaphase-II (M-II) arrest in rat and mouse oocytes (Huo et al. 2005; Cui et al. 2012 Cui et al. , 2013 .
In conclusion, data of our present study suggest that reduced level of NO through iNOS-mediated pathway resulted in transient decrease of intraoocyte cGMP as well as cAMP levels. The reduced level of cAMP resulted in decreased Cdc25B level. The reduced Cdc25B level was associated with accumulation of Thr14/Tyr15 phosphorylated Cdk1 level and decreased Thr161 phosphorylated Cdk1 as well as cyclin B1 levels that finally destabilized MPF. The destabilized MPF triggered EDA. On the other hand, SNAP increased intraoocyte NO as well as cyclic nucleotides level and inhibited EDA. Thus, Fig. 8 . Representative photograph showing the effects of SNAP and AG on cyclin B1 level in COCs. A significant decrease of cyclin B1 level was observed in COCs (A2) that underwent spontaneous EDA as compared to diplotene-arrested COCs (A1). SNAP prevented the decrease of cyclin B1 (A3) but AG (1 mmol/L) treatment reduced cyclin B1 level in COCs (A4) and immunofluorescence intensity was similar to control COCs that underwent spontaneous EDA (A2). The CTCF analysis of cyclin B1 immunofluorescence intensity of denuded oocytes (in box) of corresponding COCs (A1-4) further confirms above observations (C). Data are mean AE SEM of three independent experiments and analyzed by Student's t-test, # P < 0.05. Bar = 80 lm. 
